Abstract-A simplified design of substrate integrated waveguide (SIW) is proposed here. The requirement of side walls using via which is quite cumbersome in the manufacturing process is eliminated in this structure. The design is based on producing an imaginary electric boundary by exciting the SIW using differential feed. It behaves as a pair of half mode substrate integrated waveguides (HMSIWs) sharing a common electric boundary. The new structure gives similar characteristics of the conventional SIW in terms of cutoff frequency, stopband rejection and operating bandwidth.
INTRODUCTION
Substrate Integrated Waveguide (SIW) [1] is one of the front runners in emerging planar waveguide technologies for millimeter wave applications. Conceptually, SIW is a dielectric filled rectangular waveguide where metal clad on both sides of the substrate acting as top and bottom walls [2] . The side walls are approximated by periodically placed metal posts. It gives similar performance advantages of a dielectric filled rectangular waveguide such as signal isolation from the surroundings, low loss propagation and small footprint [3] . Several passive devices based on rectangular waveguide and some novel proposals have been implemented in SIW [4] [5] [6] [7] [8] [9] [10] [11] in the recent years. Several variations of SIW are introduced to achieve the same level of performance with reduced size and complexity such as half mode SIW (HMSIW) and folded half-mode SIW (FHMSIW) [12, 13] . HMSIW considerably reduces the number of vertical metallizations by exploiting magnetic field symmetry [14] . Many more miniaturization techniques have been proposed with some added complexities [15] . As the operating frequency becomes higher, the dimension of the via holes should be smaller that their fabrication becomes difficult and expensive. This practically limits the application of SIW to frequencies below 100 GHz [16] . The total elimination of via holes will push this barrier to higher frequencies. The quest for total elimination of vertical metallization culminated in the symmetry properties. In this paper, we propose a method to achieve SIW like performance by creating necessary boundary conditions without vertical metal posts.
WAVEGUIDE DESIGN
SIW shown in Fig. 1(a) is the planar equivalent of conventional rectangular waveguide. The designs in Fig. 1 have a full ground plane on the other side of the substrate. The side walls are approximated by periodic metal posts. The radius of the via and the space in between them (pitch) should be small enough to provide an effectively continuous and smooth electric boundary. Usually the pitch is set to be much smaller than the guided wavelength and close to the dimension of the metal post. The fundamental mode of propagation in SIW is TE 1,0 . The electric field distribution is a half wave variation across the width, shown Fig. 2(a) . HMSIW shown in Fig. 1(b) is the next important evolution of SIW. It is assumed that there exists a magnetic boundary at the centre line of the SIW [13] . This symmetry provides sufficient boundary conditions to support a propagation mode, even without half of the structure. The halved width and the reduced number of vias are the advantages of HMSIW. This gives the same properties of the SIW with a slightly different mode of propagation (TE 0.5,0 ). The electric field inside HMSIW is plotted in Fig. 2 (b) which shows a quarter wave variation. Fig. 2 (c). The electric field forms a pair of quarter-wave variations and create a mirror image across the centre. There exists a null field at the centre due to the presence of metal posts which act as an electric wall. Another possible mode of excitation is to feed 180 • out-of-phase signal to P1 & P2 as shown in Fig. 1(d) . The electric field distribution in this case is shown in Fig. 2(d) . Here the field distribution is skew symmetric with a quarter-wave variation across the centre. Again, the electric field is zero at the centre due the via posts. The design shown in Fig. 1(d) can be fed using a microstrip power divider with unequal path lengths to get 180 • out-of-phase signals. The specific length results in narrow band operation. To overcome this problem, a coplanar strip (CPS) line to microstrip transition is designed as shown in Fig. 1 (e). This consists of three sections. The first part is a CPS line where the electric field is tangential to the substrate plane. The impedance of the CPS line is defined by the slot width (g) and the width of the strip (w 1 ). The second part is a tapered transition from CPS to microstrip line. This is to rotate the direction of the electric field from horizontal to vertical orientation. The gradual increase in the gap forces the electric field being horizontal to vertical in direction. This is because the tight coupling between the strip becomes weaker, and the interaction with the ground becomes stronger. The width and length of this section are carefully optimised to achieve less reflection. A slight meandering is introduced to make further improvement to the S parameters. The third section is a simple tapering ending with half the width of the waveguide. The length is optimised in simulation. The output of the CPS to microstrip is a differential signal required for the generation of TE 0.5,0 mode pair in the waveguide. The transition makes sure the opposite phase of the signal over much wider frequencies. The parameters used in the optimized design are l 1 = 3.8 mm, l 2 = 3.6 mm, l 3 = 5.4 mm, l siw = 50 mm, g = 0.04 mm, w 1 = 2.4 mm, w 2 = 3.6 mm and w siw = 20 mm. Even after the removal of metal posts, the field structure remains the same, as if there exists a virtual electric wall at the center of the waveguide, as shown in Fig. 2(e) . Thus this structure eliminates the need of physical metallic posts in SIW design.
SIMULATION & MEASUREMENT
The numerical simulations are carried out using solvers in CST Studio Suite. All the simulation results reported in this paper are done using frequency domain solver which is based on finite element method with higher order tetrahedral mesh. Open boundaries are assigned for all the sides except the ground plane which is set as perfect electric boundary. Simulation results are validated using transient solver which is based on finite integral technique with hexahedral mesh, keeping adaptive refinement enabled with extended maximum solver duration. Rogers RT5880 ( r = 2.2, Thickness = 0.79 mm) with loss (tan δ = 0.0009) is chosen as substrate. Perfect electric conductor is assigned for all the conducting regions.
The cutoff frequencies of all the designs are fixed around 4.7 GHz. A small decrease in cutoff frequency of open structures are due to the fringing fields which contribute to the increased effective electric width of the waveguide section. The phase of S 21 for all the structures are plotted in Fig. 3(c) . For all the four designs, the linearity of phase is preserved throughout the operating band. In the passband S 21 stays above −1 dB, and S 11 stays below −10 dB. For all the topologies, similar results are observed. The simulated fields at 8 GHz inside the entire structure are shown in Fig. 4 . Electric fields at three sections of the transition are shown in Fig. 4(a) . In the CPS region the electric field is strong between the strips and observed a relatively small interaction with the ground plane. This behaviour starts to change when the gap diverges. The vertical field becomes strong, and the horizontal field becomes much weaker. The structure of transverse electric field is similar to the field plotted in Fig. 2(e) with the maxima at the open edges of each section. The presence of electric null is clearly visible throughout the length of the waveguide. This verifies the existence of electric wall that is essential for the operation.
The magnetic field is shown in Fig. 4(b) . The presence of symmetric half circles in the waveguide region is as expected. The magnetic fields at the open faces are normal to the side of the waveguide. This is similar to the behaviour of magnetic wall. From both electric and magnetic fields, it is evident that sufficient boundary conditions exist in the design to support the propagation mode (TE 0.5,0 ). So with this proposal, the requirement of via from SIW is completely eliminated.
In the case of SIW, the cutoff frequency is directly related to the waveguide width. To find the relation in the proposed design, the S parameters for different waveguide widths are plotted in Fig. 5(a) . The shifts in the cutoff frequencies are similar to that in a conventional SIW. The effect of permittivity is also verified with simulation, and results are plotted in Fig. 5(b) . The frequency shifts are in agreement with the SIW model.
The effect of length of the waveguide is also studied and shown in Fig. 5(c) . It proves that the responses are not much affected by the length. Since the loss in the substrate used is very small, the length also does not contribute any serious dielectric losses in the waveguide.
In rectangular waveguide, the conductive losses are related to the waveguide height. The responses of the waveguide for different heights are plotted in Fig. 5(d) . Since the response includes the effects from the transition, it is difficult to differentiate the effect of height alone. However, when the height becomes too small, the performance becomes poor. This is also true for larger heights, where operation band shrinks from the optimum.
The matching of slot line is sensitive to the gap width. This is parametrically studied in Fig. 5(e) . As the gap width deviates from the optimum value to either side, the reflection starts to increase and reaches a point where the transition becomes ineffective. So careful fabrication is needed for desired performance.
A photograph of fabricated structure is shown in Fig. 6 (a). The structure is probed using a pair of wideband microstrip to coplanar slot transition [17] structures connected at the ends of the device. The measurements are taken using Rhode & Schwartz ZVB20 vector network analyser. The measured scattering parameters for the final design are plotted in Fig. 6 (b) along with the simulated results. The cutoff frequency and bandwidth match with the simulation. The deteriorated performance may be due to parasitic effects and losses at the probe contact. With better fabrication and probing technique, this drawbacks may be mitigated. 
CONCLUSION
A new SIW concept without physical metallic walls is proposed. A CPS to 180 • out of phase differential microstrip feed is designed to excite TE 0.5,0 mode pair in the waveguide. The proposed and simulated electric and magnetic fields match perfectly. The simulation and measurements of the scattering parameters also agree well. The performance of the proposed waveguide is proven similar to that of rectangular waveguide, SIW and HMSIW. Parametric studies are conducted to study the effect of key variables in the performance of the waveguide. The proposed design is less complex, cost effective and can be used for much higher frequencies than that possible with SIW.
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